Contact investigations among individuals living with drug-susceptible tuberculosis patients (source cases) have shown a high yield of tuberculosis disease and latent tuberculosis, but the yield of such investigations in households of drug-resistant tuberculosis source cases is unknown. In this systematic review and meta-analysis, we found 25 studies that evaluated a median of 111 (interquartile range, 21-302) household contacts of drugresistant tuberculosis source cases. The pooled yield was 7.8% (95% CI, 5.6%-10.0%) for active tuberculosis and 47.2% (95% CI, 30.0%-61.4%) for latent tuberculosis, although there was significant statistical heterogeneity (P < .0001). More than 50% of secondary cases with drug susceptibility test results were concordant with those of the source case. Among studies that followed household members, the majority of secondary cases were detected within 1 year of the source case's diagnosis. Household contact investigation around drug-resistant tuberculosis patients is a high-yield intervention for detection of drug-resistant tuberculosis and prevention of ongoing transmission.
Drug-resistant tuberculosis is a global epidemic and is a particular threat to persons infected with human immunodeficiency virus (HIV). In 2011, there were an estimated 630 000 cases of multidrug-resistant (MDR) tuberculosis (ie, tuberculosis resistant to at least isoniazid and rifampin) worldwide, representing 5.3% of all tuberculosis cases [1] . The 2-year regimen for MDR tuberculosis is toxic and costly, and average cure rates are only 60%-70% [2] [3] [4] [5] . Extensively drug-resistant (XDR) tuberculosis-defined as MDR tuberculosis with additional resistance to a fluoroquinolone and a second-line injectable antituberculosis agent-was first described in 2005 and has since been identified in 77 countries worldwide [6] . The emergence of XDR tuberculosis is of great concern because few treatment options remain against such highly resistant strains, and outcomes for patients with XDR tuberculosis are substantially poorer than outcomes for MDR tuberculosis [7] [8] [9] [10] [11] [12] [13] . Thus, prevention of new MDR and XDR tuberculosis cases is paramount to curb these epidemics.
Persons who live with a tuberculosis patient are at high risk for tuberculosis infection and disease due to prolonged, intense exposure to source cases [14, 15] . Thus, a well-established method for preventing tuberculosis cases is the household contact investigation, which seeks to detect and treat active cases earlier and identify latently infected individuals who would benefit from chemoprophylaxis. Contact investigations are a key component of tuberculosis programs [16] . This approach is used widely and effectively in low-burden settings, but rarely in high-incidence settings due in part to financial and human resource constraints [16] .
The yield of a household contact investigation can be measured by the proportion of patients with active tuberculosis detected, as well as the proportion of latently infected persons detected. A review of household contact investigations of tuberculosis source cases (both drugsusceptible and drug-resistant) in low-and middle-income countries found that 4.5% of household contacts were diagnosed with active tuberculosis [17] . A more recent review of contact investigations of tuberculosis source cases (not limited to household contacts) found, in low-and middle-income countries, that the prevalence of active tuberculosis among contacts of MDR or XDR tuberculosis source cases (3.4%) was similar to the overall prevalence of active tuberculosis among contacts of all tuberculosis source cases (3.1%) [18] .
It is unclear, however, whether the yield of contact investigation specifically in the households of drug-resistant tuberculosis source cases is similar to that of investigations around drugsusceptible source cases. A greater understanding of the anticipated yield from investment in these activities can provide an evidence base to assist tuberculosis programs in incorporating them into routine activities as these expand access to drugresistant tuberculosis treatment. We conducted a systematic review and meta-analysis of contact investigations among household contacts of drug-resistant tuberculosis source cases, and compared infection and disease rates in children and adults in the household.
METHODS

Search Strategy
We first searched the literature for available systematic and narrative reviews of the yield of contact investigations conducted specifically in the households of drug-resistant tuberculosis patients. None were found.
Our search strategy then aimed to identify all studies that assessed the rate of active or latent tuberculosis among contacts of drug-resistant tuberculosis patients. We reviewed all published articles that discussed results of contact investigations. We did not restrict the language of the publications reviewed.
We searched 7 electronic databases for primary studies published through December 2011: PubMed, Embase, LILACS, IMSEAR, IMEMR, WPRIM, and AIM. The search terms included tuberculosis, resistan*, contact, outbreak, and transmission. The complete search strategy is detailed in Supplementary Appendix 1.
To identify relevant articles not found through our search, we also reviewed the reference lists of primary studies and review articles for additional references.
Initial Review of Studies
We compiled an initial database from the electronic searches and removed duplicate citations. Two reviewers (A. W. T., C. M. Y.) screened these citations by reviewing the title and abstract to capture relevant studies. Studies were eligible for inclusion if they included contact investigation of drug-resistant tuberculosis source cases. Outbreak investigations were included. We also hand-searched the references of reviews of contact investigations to evaluate whether these references met inclusion criteria.
Full text was obtained for relevant citations and reviewed by 2 reviewers (A. W. T., C. M. Y.) to determine eligibility for inclusion. We resolved disagreements between the reviewers by consensus. Studies were excluded for the following reasons: contact investigation was not performed, <5 household contacts were evaluated, contact investigation was restricted to a facility or institution, household contacts were not reported separately from nonhousehold contacts, contacts of drug-resistant source cases were not reported separately from contacts of drug-susceptible source cases, total number of evaluated household contacts was not reported, no original data were reported, either the cohort or dataset was identical to that of another included report, or the full text of the report could not be obtained. For studies in which household contact investigation results were contained within a larger dataset and not presented separately, and which were published after 2000, we contacted the authors requesting the disaggregated data. We also contacted authors of studies in which results were not stratified by adult and pediatric age groups. Articles in German, Japanese, Polish, Romanian, Russian, and Serbian were evaluated with the aid of translators who were trained on inclusion criteria and data extraction.
Data Collection
We designed a data extraction form (Supplementary Appendix 2), which 2 reviewers (N. S. S., C. M. Y.) piloted. These 2 reviewers extracted data from all of the studies included, and disagreements were resolved by consensus. The data elements extracted from each study comprised the yield of each contact investigation, including number of source cases, drug resistance category of source case isolates (eg, isoniazid monoresistant, MDR), number of evaluated contacts, duration of follow-up for contacts, number of active cases detected among contacts (secondary cases), and number of latently infected individuals detected among contacts. Among secondary cases, we also extracted the following data elements: results of tuberculin skin testing (TST), smear, culture, drug susceptibility testing (DST), and genotyping. Where possible, data for contacts were disaggregated by pediatric and adult age groups, and active cases detected at baseline and within 1, 2, and 3 years were indicated.
Definitions
The source case was defined as the tuberculosis case that led to investigation of a household. For data extraction, we used the definition of active tuberculosis reported by each study, including both clinical and bacteriologically confirmed diagnoses. We also used the definition of household contact and of TST positivity reported by each study. A secondary case was defined as a case of active tuberculosis in a household contact. Secondary cases and source cases were classified as having concordant drug resistance patterns if both had isolates in the same resistance category, based on drugs tested in each study (eg, isoniazid monoresistant tuberculosis, MDR tuberculosis, XDR tuberculosis). Secondary cases and source cases were considered genotypically concordant according to the criteria used to compare isolates in each study. We used each study's definition of latent tuberculosis where latent tuberculosis diagnosis was specified; where latent tuberculosis diagnosis was not specified, we deduced that contacts with positive TST results but without active tuberculosis disease had latent tuberculosis. We used the definitions of child and adult in each study if age-stratified data were presented. When contacting authors requesting data disaggregated by age group, we defined the pediatric age range as 0-14 years.
Data Analysis
We computed the proportion of active tuberculosis disease and latent tuberculosis among household contacts for all studies and estimated 95% confidence intervals (CIs) using Wilson's method, which can be applied to studies even with 0% transmission rates [19] [20] [21] . We estimated overall proportions by meta-analysis using a random effects model, given the high heterogeneity of the risk of transmission observed across studies. Studies were weighted by the inverse variance of the corresponding transmission risks. Overall yield was also calculated among prespecified subgroups, stratified by drug resistance category of the index case (MDR tuberculosis vs mono-or polyresistant tuberculosis), tuberculosis disease burden (high vs low, based on World Health Organization categories), and age (children aged 0-14 years vs adults). Heterogeneity was measured using the I 2 statistic and tested by Q-statistic [22] . Analysis was performed using SAS and S-plus software.
RESULTS
We identified 3188 unique citations through the literature search, of which 25 studies were eligible for inclusion ( Figure 1 ). For 12 of these, data extraction relied on additional unpublished information provided to us by the authors. The included studies evaluated a median of 111 household contacts (interquartile range [IQR], 21-302) and a median of 26 (IQR, 2-87) drug-resistant source cases (Table 1) . Eighteen studies included MDR tuberculosis source cases, 2 of which also included XDR tuberculosis source cases. Six studies included monoresistant tuberculosis source cases (mostly to isoniazid, although source cases with isolates with monoresistance to pyrazinamide, rifampicin, and streptomycin were also reported), and 4 studies included source cases with other drug resistance patterns.
All included studies reported the number of active tuberculosis cases among the household contacts (Table 1 and Figure 2 ) with an overall pooled yield of 7.8% (95% CI, 5.6%-10.0%). Latent tuberculosis was reported or could be calculated based on TST results in 14 studies (Table 2 and Figure 3 respectively. Five studies evaluated only pediatric household contacts, 1 study evaluated only adult household contacts, 13 studies evaluated both, and 6 studies did not report age for evaluated household contacts. Of the studies that evaluated both pediatric and adult contacts, it was possible to calculate the yield of active tuberculosis cases for the 2 age groups separately in 11 studies (Table 3) DST results of secondary cases were reported in 17 studies. In 1 of these studies, only secondary cases with drug resistance patterns and genotypes concordant with their source cases were reported [34] . Of the remaining 16 studies, 15 reported that >50% of secondary cases with DST results were drug-resistant tuberculosis (Table 1) , and 14 reported that >50% of secondary cases with DST results had drug resistance categories that were concordant with that of the source case (Table 4 ). In 7 of the 8 studies that reported genotyping results for secondary cases, at least 75% of secondary cases analyzed had strains whose genotypes were concordant with that of the source case (Table 4) .
In 7 studies, household contacts were followed up for >1 year, and it was possible to determine the number of secondary cases detected within 1, 2, or 3 years of baseline evaluation (Figure 4) . Five studies reported detecting >50% of secondary cases within 1 year of baseline evaluation, and all 6 studies that followed household contacts for >2 years reported detecting >50% of secondary cases within 2 years of baseline evaluation.
DISCUSSION
In this systematic review and meta-analysis, we evaluated the pooled yield of household contact investigation for drugresistant tuberculosis source cases and found a high overall yield for active tuberculosis cases (7.8%) and latent tuberculosis (47.2%). In almost all of the studies that reported DST and genotyping results, the majority of secondary cases had DST and/ or genotyping results concordant with that of the source case. In 5 of the 7 (71%) studies that followed household contacts for >1 year, the majority of secondary cases were detected within 1 year of the source case's diagnosis. Together, these findings support the growing epidemiologic evidence for the high yield of household contact investigation of drug-resistant tuberculosis source cases, particularly within the first year after diagnosis. Emerging data suggest that drug-resistant tuberculosis cases are primarily occurring as a result of transmission of a tuberculosis strain that is already drug resistant ("primary transmission") [3, 6] . Although it was initially believed that the mutations that caused drug resistance in tuberculosis would exert a fitness cost, rendering drug-resistant strains less able to cause new cases [48] , transmission of drug-resistant tuberculosis strains has been well documented [49] [50] [51] [52] . The high concordance between source case and secondary case strain resistance patterns and genotypes observed in this review are further evidence of the transmissibility of drug-resistant tuberculosis strains. Furthermore, the yields of both tuberculosis disease and latent tuberculosis among household contacts in this review were higher than those observed in a systematic review of household contact investigations that was not limited to drugresistant tuberculosis source cases [17] and another review of all types of contact investigations [18] . This supports the conclusion that the households of both types of source cases merit systematic contact investigation.
Our study found higher yields of household contact investigation for both active tuberculosis disease and latent tuberculosis in high-burden settings as compared to low-burden tuberculosis settings (8.65% vs 6.27% contacts with active tuberculosis disease; 52.5% vs 44.1% contacts with latent tuberculosis), but these differences were not statistically significant. The difference may be attributable in part to community transmission in high-burden settings. Studies from South Africa have shown that although transmission is occurring in households, community transmission may account for up to 50% of drugresistant tuberculosis cases [46, 53] . Community transmission may also explain the proportion of secondary cases with discordant DST and genotyping results observed in our study ( Table 4) . The difference between yields of household contact investigations in high-and low-burden settings may also be attributable to resource limitations in high-burden settings that may delay diagnosis and initiation of effective drug-resistant tuberculosis therapy and, therefore, contribute to prolonged infectious periods. For patients with XDR tuberculosis, this is further exacerbated by extremely limited laboratory capacity globally for second-line drug susceptibility testing [54] and the paucity of effective treatment options. However, the increasing availability of rapid phenotypic and genotypic tests for diagnosis of drug-resistant tuberculosis offers great promise for improving case detection, initiating earlier treatment and averting further transmission of drug-resistant tuberculosis in community and congregate settings [55, 56] .
The yields of active and latent tuberculosis among pediatric household contacts of drug-resistant tuberculosis in our study were comparable to those observed for drug-susceptible tuberculosis [17] . Although this population is known to be at high risk for disease progression, little is known about the disease burden among children, who likely represent a large pool of exposed, undiagnosed, and untreated latent infections. In one of the largest studies to date of pediatric MDR tuberculosis contacts, tuberculosis prevalence among children who were MDR tuberculosis household contacts was nearly 30 times higher than among children in the general population [57] . The majority of secondary cases had MDR tuberculosis, suggesting transmission in the home. Greater efforts to strengthen contact investigation for children, together with studies on safe and effective chemoprophylaxis, are urgently needed.
There are limitations to this study. First, we were unable to systematically assess the impact of HIV on risk of active tuberculosis disease and latent tuberculosis in household contacts given the limited data reported on this important variable in most studies. HIV is known to increase the risk of progression to active tuberculosis disease [58, 59] , so it is likely to have an important effect on secondary case rates observed in high-vs low-HIV prevalence settings. Second, direct comparisons between yields of household contact investigations for drugsusceptible and drug-resistant source cases must be interpreted with caution as testing practices for drug resistance are likely to vary in each country, subjecting drug-resistant source cases to ascertainment bias. Source cases who are sicker or who are infectious for longer periods may have exposed household contacts for a longer time, thus increasing the potential for transmission. With scale-up of simpler, rapid diagnostic tests for drug-resistant tuberculosis, exposure periods and secondary case rates would be expected to decline. Although high-quality treatment for drug-resistant tuberculosis is not yet widely accessible, in some programs where it is available, staff may make greater efforts to identify and screen contacts of drug-resistant tuberculosis source cases, resulting in ascertainment bias among contacts. Third, genotyping of source and secondary cases was not consistently available in all studies included in our analysis, especially those from high-burden tuberculosis settings. Our ability to determine whether transmission occurred in the household or community was thus limited.
All systematic reviews are subject to the possibility of publication bias. A strength of our study is the inclusion of nonEnglish-language papers that expanded the number of included studies and increased the robustness and generalizability of our findings. Likewise, in any meta-analysis, heterogeneity of the included studies is inevitable, and the heterogeneity across studies included in our meta-analysis was very large even in the subgroups. Although heterogeneity was accounted for using a random-effects model, we were unable to determine factors that might have resulted in such a large heterogeneity.
Despite these limitations, our study provides a systematic review and pooled estimates of yield from household contact investigation of drug-resistant tuberculosis source cases. Individuals who live with patients with any form of tuberculosis are at high risk for developing disease or latent infection. Globally, household contact investigation is an underutilized strategy against tuberculosis. As programs are expanding access to drug-resistant tuberculosis treatment and early diagnosis, there is strong evidence to support the prompt implementation of systematic contact investigation in the households of drugresistant tuberculosis patients.
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